By applying a single rotary motion to our previously developed magnetic bead droplet handling mechanism, we recently developed transportation and agitation operation mechanisms aiming at realizing a portable-sized biochemical analysis system. We used two permanent magnets for transporting beads and another magnet coupled with multi-layered flat coils for agitation. They are all mounted on a rotational table, and the total size of the system is 60 × 45 × 35 mm 3 . We experimentally confirmed that the developed system can do all the bead handlings (transportation, extraction, fusion and agitation) by rotational motion only.
Introduction
Many researchers are now developing various types of micro-total analysis systems (µ-TAS), which integrate many types of mechanical and electrical components on the same chip by means of micro-electro-mechanical-system (MEMS) technologies. µ-TASs are expected to reduce the amount of reagent solutions and time required for analysis and enable on-site monitoring. Most of the proposed µ-TASs require active fluid-control components, such as pumps and valves, because they use continuous flow as a reaction medium [1] [2] [3] [4] [5] . The physics, fabrication processes and typical mechanical fluidic components developed for the µ-TAS are given in [6] . Special issues related to micro fluidic devices have also been published [7, 8] . The power of these active components drastically decreases with their miniaturization; therefore, many researchers commonly use conventional largesized syringe pumps to drive the liquids. Therefore, the size of the system can become large, even if the fluid channels and reactors are integrated onto microchips. To overcome this problem, different mechanisms based on a droplet solution as a medium have recently been proposed [9] [10] [11] [12] [13] . These mechanisms are, in principle, rather simple and can achieve fusion and separation by electrowetting control. However, with these mechanisms, it is difficult to extract the targeted sample from the droplet.
We therefore previously proposed a novel type of magnetic bead droplet handling mechanism for a µ-TAS application [14, 15] . The proposed mechanism has the advantage that it does not require complicated fluid-control devices for handling solutions, and it is also able to collect and extract the targeted samples effectively from the droplet. Beads are used for sample collection [16] [17] [18] [19] in the field of µ-TAS. The use of beads has extended to various applications, including mixing [20, 21] , micro-channel formation to increase reaction efficiency [22] , surface modification [23] and screening at micro-reactor array chips [24] . The Gijs group has recently developed a unique magnetic bead handling method based on a planar coil and also shown that their system can perform two-dimensional manipulation on chips [25, 26] . In our systems, we used magnetic beads as carriers of sample and handled them in a droplet configuration on the chip. We previously focused on magnetic bead handling [14] , and also developed a biochemical reaction unit, which is a key component in our µ-TAS, and applied the unit in an enzyme immuno assay (EIA) system [15] . This time, we have developed transportation and agitation operation mechanisms by applying the rotary motion for realizing a palmtop-sized biochemical analysis system.
Operating mechanism of rotary type

Basic principle of bead droplet handling
The magnetic bead cluster handling mechanism is shown in figure 1 . It uses magnetic beads as sample carriers. The samples can be any type of biochemicals, such as enzymes, proteins and DNA. The buffer solution containing the magnetic beads forms droplets suspended in silicone oil. This is because the interfacial tension between the two liquids is different and the oil has superior wettability to the plate. A permanent magnet is used for handling the magnetic beads. Since the beads are enclosed in the droplets, we can easily transport them from the sample solution to the reaction solution by simply moving a permanent magnet under the plate. This mechanism has the advantage that it does not require complicated fluidcontrol devices for handling solutions, and it is also able to collect and extract the targeted samples effectively from the droplet.
Principle of rotary-drive type
We developed a rotary-drive type biochemical analysis system by extending the above basic bead cluster handling mechanism. The schematic view of the system is shown in figure 2 . It consists of a multi-well chip, two small magnets, another magnet coupled with multi-layered flat coils, a rotary table, and a stepping motor and its controller. The two magnets and the flat coils with the magnet are fixed on the rotary table. The two small magnets are used for the transportation operation, and the set of the coils with the magnet is used for the agitation operation. The multi-well chip consists of eight wells, bent channels and a glass-bottom plate. The wells are arranged in a concentric fashion. A droplet, which contains magnetic beads with samples decorated on their surfaces, is placed in the first well. Various types of reagents and dilution droplets are pipetted into the other wells. A series of reactions is performed by transferring the magnetic beads from one well to the next. The schematic operation sequence is shown in figure 3 . It has two operations: transportation and agitation. Details of each operation are given as follows. Flat coil 
Transportation.
The transportation operation was divided into four steps: collection, extraction, transportation and fusion. We designed the shape of the bent channels and arranged the two magnets on the table in order to realize the aforementioned four handling steps by rotational movement of the two magnets only.
(a) Collection: The inner transportation magnet (T1) collects the dispersed magnetic beads at the edge of it in the first droplet (droplet 1) ( figure 3(a) ). The collected beads formed a bead cluster. (b) Extraction: The magnetic bead cluster is selectively extracted from droplet 1 ( figure 3(b) ). The extraction mechanism is as follows. When the bead cluster comes to the bent channel inlet, which also has a hydrophobic surface, by the rotational movement of the magnet (T1), the droplet containing the bead cluster is trapped at the channel inlet. When the magnet (T1) moves, it pulls the bead cluster, elongating the droplet and eventually causing it to separate into a bead cluster and a droplet without beads. (c) Transportation: It is transported toward the next droplet (droplet 2) along the bent channel by the inner magnet (T1). It is then trapped at the side wall of the channel near droplet 2 due to the bent geometry of the channel, and the inner magnet (T1) leaves the bead cluster ( figure 3(c) ). (d) Fusion: The outer transportation magnet (T2) enters droplet 2 and draws the bead cluster toward droplet 2. Finally, it fuses with droplet 2 ( figure 3(d ) ).
Agitation.
By rotational movement of the outer magnet (T2), the bead cluster is trapped at the inner wall surface of droplet 2 and the outer magnet (T2) finally leaves the bead cluster into the droplet 2. After that, a pair of the multilayered flat coils and a permanent magnet come to the droplet 2 for agitating the beads in it by the rotational movement (The agitation operation is performed by a pair of the multi-layered flat coils and a permanent magnet.) The magnetic force acting on the beads is expressed by
The magnetic force acting on the bead depends on the magnetization and magnetic-field gradient [25, 26] . The position of the beads in the droplet can, therefore, be controlled by changing the magnetic-field distribution ( figure 3(e) ). The distribution is determined by the summation of the induced magnetic field by the multi-layered flat coils and the magnet. direction of the driving current applied to each coil element. The agitation operation was performed efficiently by changing the local magnetic-field distribution, which can easily be controlled by the flat coils. The following explains the reason for using the two magnets for the transportation and the multi-layered flat coils with the magnet for the agitation. The magnitude correlation of the forces acting on the beads is expressed as figure 4 . The magnetic force pulling the beads and the interfacial force resisting against splitting the droplet in two pieces are, respectively, proportional to the first power and the one-third power of the weight of the beads. This means the correlation of their magnitudes reverses with the change of the bead's weight. The magnet can generate a large force compared with that of flat coils. We selected the magnetic-actuation method as follows by considering the above relationship. • Transportation: The transportation operation includes an extraction step. The magnetic force must be larger than the interfacial force in order to extract the magnetic bead cluster from the droplet. A permanent magnet, which has high magnetic-flux density, was therefore used.
• Agitation: The agitation operation requires a change of the magnetic-field distribution, but it does not need a large force because it is performed inside the droplet. Actuation based on multi-layered flat coils was, therefore, used for the agitation. 
Experiment
Magnetic beads
We used a ferromagnetic material as a magnetic bead in the previous works [14, 15] . A single bead was composed of Fe 3 O 4 particles with 20 nm diameter, and they were bound together by phenol resin. Therefore, the bead had a large remanent magnetization, and as a result, the magnetic beads were agglutinated in the droplet even if we removed the magnet from the sample droplet ( figure 5(a) ). The bead aggregation by the remanent magnetization disturbs the bio-chemical reaction performed on the beads' surfaces. We, therefore, used for the first time the super paramagnetic beads produced by Toda Kogyo Corp., Japan, in this experiment. Their diameter was less than 30 nm. They do not have a hysteresis property (i.e., no remanent magnetization), as shown in figure 5(b) . The beads, therefore, show the excellent dispersibility in solution unless an external magnetic field is applied to them.
Palmtop-sized rotary-drive system
The developed palmtop-sized rotary-drive biochemicalanalysis system is shown in figure 6 . Its whole size is 60 mm in length, 45 mm in width and 35 mm in height. Its multi-well chip is composed of silicone rubber with the eight wells (6 mm in diameter), bent channels (1 mm in width) and a glass bottom plate. The surface is coated with parylene to form a hydrophobic surface. We used a two-layered flat coil produced by Fujikura Ltd, Japan, as shown in figure 7 . Square-shaped coils were formed on both sides of a polyimide film to increase the number of turns (14 turns). The copper-wiring dimensions were 100 µm width and 30 µm height, and the space between the windings was 50 µm. The flat coils were stacked and formed two different types of arrangements, as shown in figure 8 . One type used two flat coils arranged to overlap both coil patterns (pattern 1). The other used three flat coils arranged at a 60 • angle (pattern 2). An aluminum block, as a heat sink, was attached under the flat coils. A permanent magnet was placed under the heat sink to enhance the magnetization of the beads (figure 8). The distance between the magnet and the flat coils was set as 7 mm to decrease the frictional force in the transverse direction during the movement of the beads.
Transportation and agitation performance
The experimental results of the transportation operation are shown in figure 9 . At the early stage of rotational motion, the inner transportation magnet (T1) successfully collected the dispersed magnetic beads in the first droplet (droplet 1) ( figure 9(a) ). On rotation of the table, the magnetic bead cluster was selectively extracted from droplet 1 ( figure 9(b) ) and trapped at the side wall of the bent channel ( figure 9(c) ). The outer transportation magnet (T2) entered the next droplet (droplet 2) and drew the bead cluster toward droplet 2. As a result, the bead cluster successfully fused with droplet 2 (figure 9(d )). As described in section 2.2, we used a stepping motor to rotate the table. Each electrical pulse signal rotated the table by 15
• . The angular difference between two neighboring wells in the multi-well chip was 45
• , and the pair of transport magnets (T1 and T2) was located within the 45
• angular difference (see figure 2) . Therefore, to drive the magnetic beads from the first droplet (droplet 1) to the next one (droplet 2), the table was rotated 90
• with six pulse signals. This operation typically took 10 s. Much faster rotation caused the beads to sometimes remain in the channel because of the increased viscosity force. Therefore, a bead-handling speed of 45
• /10 s is maximum for our system.
The agitation of the beads inside the droplet is shown in figures 10 and 11. The beads were successfully agitated in both flat coil arrangements by changing the magnetic-field distributions. When we tried the same agitation operation using a single-flat coil arrangement, the beads only vibrated in place and sufficient agitation could not be attained. Therefore, at least two flat coils are needed for effective bead agitation. Aligning the centers of three flat coils in an arrangement is much more difficult than with an arrangement of two coils. However, the magnitude of the magnetic field generated by the coil depends on the number of the coil turns, so three flat coils are much better for attaining strong bead agitation. A 0.6 A current was applied to the flat coils for the agitation. The heat of the current increased the droplet temperature by 6
• C, from room temperature to 32
• C. We believe that this increase did not affect the bio-chemical reaction in the droplet.
The calculated magnetic-field distributions are also inserted in the figure. We used a one-layered flat coil model, which has the same geometry as the experimentally used one, in the calculation. The current was set to 0.6 A. The calculated location of the magnetic field was 0.25 mm above the flat coil surface. Both of the magnetic-field distributions and the bead dispersion patterns are almost the same. From these results, we conclude that the developed rotary-drive system can do all the handling steps for the beads (transportation, extraction, fusion, and agitation) by the rotational motion only in an area of the size of a palm.
Conclusion
A portable biochemical-analysis system was created by applying rotary motion to our previously developed magnetic bead-droplet handling mechanism for the µ-TAS. The whole size of the system is 60 mm in length, 45 mm in width and 35 mm in height. The main points regarding the developed system are threefold. First, it is based on newly developed transportation and agitation operation mechanisms. Second, transportation (consisting of collection, extraction, transportation and fusion steps) was achieved by a single rotary motion by simply designing the shape of the bent channel and arranging two driving magnets on the rotary stage. Third, agitation operation was achieved by changing the magneticfield distribution, which is controlled by the multi-layered flat coils.
